Abstract. This paper studies the dynamics in two-settlement electricity markets. In these markets, energy producers sign strategic forward contracts in the forward market, and engage in spatial oligopolistic competition in the spot market. We develop an agent-based model for simulating the outcomes of such markets. Numerical simulations imply that the access to the forward market leads to more competitive behaviors of the suppliers in the spot market, and thus to lower spot energy prices.
Introduction
In the last two decades, electricity reform has been prevailing in many countries around the world. In designing competitive markets, many electricity sectors have implemented or are about to implement multiple settlements. A multi-settlement approach consists of at least a forward market and a spot (real-time) market, each producing its own financial settlements. Multiple settlements mean that charges for demand and payments to supply occur in both the forward and spot market. The forward market schedules the production and consumption before the operating day, where as the real-time market reconciles any differences between the schedule in the forward market and the real-time load while observing security constraints and flow limits on transmission lines.
Generation and demand bids that clear the forward market are settled at forward prices. These bids are applied to each operating period of the spot market and to each location in the network. (In addition, incremental offers and decremental bids can be submitted, which indicates the prices at which supply or demand are willing to increase or decrease their injections or withdrawals in the system. These "incs" and "decs" are the tools for market participants to adjust their positions in the forward market.) The settlements in the forward market can be either financially or physically binding. At the spot, scheduled suppliers must produce the committed quantity or, otherwise, buy power to balance their positions. Likewise, wholesale buyers of electricity pay for and lock in their rights to consume the quantities cleared at the forward prices.
While the forward market settles the schedule and financial terms of energy production and consumption on the operating day, the quantities that clear the forward market do not necessarily match the real-time load. For generators, the spot market provides additional opportunities of offering energy into the market. Megawatts over-or under-produced relative to the forward commitments are settled at real-time prices.
Multiple settlements also allow market participants to secure stable prices and to reduce their vulnerability to price fluctuations in the spot market. Price volatility stems from unforeseen events, such as demand uncertainty and transmission and generation outages. Because the forward market is not significantly affected by these events, it produces more stable prices than the spot market. Therefore, forward contracts can help market participants hedge spot price risks. Moreover, because forward prices influence real-time behaviors, they generate more stable profit for generators and incite wholesale consumers to better manage their consumption patterns. Finally, expanding the horizon for energy transactions to multiple settlements makes the market more liquid, more competitive and more economically efficient. Thus, opportunities and incentives for market participants to manipulate the markets are limited.
Research on two-settlement markets has been conducted in (Allaz 1992 ) [1] , (Allaz and Vila 1993) [2] , (Kamat and Oren 2004) [9] , (Yao, Oren and Adler 2005a) [13] , (Yao, Oren and Adler 2005b) [14] and (Yao, Adler and Oren 2005c) [12] via analytical and computational approaches. It was shown in these studies that, with two settlements, producers have incentives to enter into forward contracts, which reduce spot market prices and increase social welfare. In this paper, we continue the study on two-settlement markets. In particular, we will develop an agent-based model for simulating market outcomes, and quantify producers' incentives for forward contracts and the impact of such incentives, if any, on spot market prices. While this paper focuses primarily on replicating previous results with the agent-based methodology, the agent approach is potentially more flexible in dealing with richer formulations, accounting for dynamic aspects, multiple settlements (e.g., forward, day-ahead and real-time) and other realistic complexities which had to be abstracted in the analytic and computational equilibrium approaches to the problem.
The remainder of this paper is organized as follows. The next section reviews literature on two-settlement electricity markets and agent-based simulation. In section 3, we present the dynamics of the two-settlement system from a mathematical point of view. The agent-based model is constructed in section 4. Section 5 performs simulation on a stylized version of the Belgian electricity market and interprets the results.
Literature review
Allaz (1992) [1] shows that, in a single-node system, forward contracting creates a prisoners' dilemma type of game among the producers. He shows that the introduction of a forward market leads the producers to behave more competitively in the spot market, which increases social welfare and reduces spot prices. Allaz and Vila (1993) [2] extend this analysis to the case of multiple periods for forward trading, and show stronger effects of the prisoners' dilemma game.
Recent advances in studying two-settlement markets with more realistic settings have been following two frameworks. The first framework is based on numerical methods. Kamat and Oren (2004) [9] analyze twosettlement markets over 2-or 3-node networks, and extend Allaz' results to a system with uncertain transmission capacities in the spot market. Recent work further extends the above results to more realistic multi-node and multi-zone networks. Yao, Oren and Adler (2005a) [13] consider flow constraints, system contingencies and demand uncertainties in the spot market. Their numerical tests show that, like in the simple cases, generation firms have the incentive to engage in forward contracting, which increases social surplus and reduces spot prices. In their subsequent work, Yao, Oren and Adler (2005b) [14] consider two alternative mechanisms for capping prices. They observe that a forward cap, which may be induced by free entry of new generation capacity, increases firms' incentives for forward contracting, whereas a regulated spot price cap reduces such incentives.
Another stream of research employs agent-based simulation methods for the analysis of electricity markets, e.g. (Bower and Bunn 2000) [3] . In these models, the behavior of market participants is implemented into software agents that participate in the markets and act individually to maximize their profits. To our knowledge agent-based models developed until now mostly focus on strategic behavior of electricity market actors in single settlement scenarios. However, an agent-based approach can potentially handle the complexity of multiple settlements. The analysis of a multi settlement scenario in electricity markets is subject of our research presented in this paper.
In one of the first approaches in the agent-based methodology, Bower and Bunn (2000) [3] simulate the England and Wales electricity market. Their focus is the investigation of the impact of different market designs on the allocation outcome. In one case, they compare different bidding time scales, i.e. daily bids versus hourly bids. In another case, they examine the effect of a uniform price versus a discriminatory settlement. Agents are endowed with a simple reinforcement learning algorithm which is driven by the goal to maximize profits and to reach a given utilization rate of a power plant. The results of their simulations show that discriminatory settlement leads to higher prices than uniform price settlement, and hourly bidding causes higher prices than daily bidding, due to the fact that the inelastic demand helps the generation companies to reach high market prices in peak demand periods (see also (Bower and Bunn 2001) [4] ). Czernohous et al. (2003) [7] use an agent-based approach to derive management decision support in the German electricity market. They model demand and supply agents as individually acting parties and show the feasibility of a combined approach, in which generating companies optimize their offers based on a linear program. In the same model, these offers are submitted into an agent-based market scenario where the demand agents are equipped with different learning strategies.
Nicolaisen, Petrov and Tesfatsion (2001) [11] further develop a reinforcement learning algorithm which is based on (Erev and Roth 1998) [8] . This algorithm integrates the effect of experimentation and forgetting by adaptive market participants. The developed model is applied to analyze the individual effects of market structure and agent learning on market power and efficiency outcomes for a computational wholesale electricity market with discriminatory pricing. While the authors' model is highly stylized, it shows that the chosen reinforcement learning algorithm can model agent learning in electricity markets in a satisfactory mannerin further agent-based studies, as well as in the research presented in this paper, thus use the same learning representation as given in (Nicolaisen, Petrov and Tesfatsion 2001) [11] .
Mathematical presentation of the dynamics
A two-settlement system comprises two markets: a forward market and a spot market. In the forward market, firms simultaneously enter into forward contracts expecting the strategic effect of their forward contracts on the spot market outcomes. The spot market consists of two stages. In stage one, Nature picks a state defined by a realization of demand uncertainty and system contingencies. In stage two, the firms, whose information sets include the state of nature and all forward commitments, compete in a spatial Nash-Cournot manner while the Independent System Operator (ISO) redispatches generator outputs. In this section, we introduce the market participants' decision problems in a backward order following the formulation in (Yao, Adler and Oren 2005) [12] .
The spot market
We consider a centrally-dispatched wholesale spot market. In this market, the ISO controls the transmission system and redispatches generator outputs so as to maximize social welfare while meeting all the network and security constraints. The ISO also sets locational energy prices and transmission charges for bilateral energy transactions. This spot market is subject to demand uncertainty, flow constraints and system contingencies.
The network underlying the spot market is composed of a set N of nodes (or buses), and a set L of transmission lines. There are a set G of generation firms competing in the market, each operating the units at a subset of locations N g ⊆ N . For simplicity, we assume that at most one generation firm operates at a node and introduce artificial nodes, if necessary, to meet this assumption.
The ISO's decision making
In each state c ∈ C, the ISO determines the import/export {r c i } i∈N at the nodes (using the convention that positive quantities represent imports). These quantities must satisfy the network feasibility constraints, that is, the resulting power flows should not exceed the thermal limits K c l of the corresponding transmission lines in both directions:
Here, we model the transmission network as a lossless DC approximation of Kirchhoff's laws (see (Chao and Peck 1996) [5] ). Specifically, flows on lines are calculated via power transfer distribution factors D l,i which specify the proportion of flow on a line l ∈ L resulting from an injection of one-unit electricity at a node i ∈ N and a corresponding one-unit withdrawal at some fixed reference bus (also known as the slack bus).
Moreover, because electricity is not economically storable, the load and generation must be balanced at all moments. This leads to the energy balancing constraint:
The ISO aims to maximize the social welfare of the entire system, which is given by the total consumer willingness-to-pay (the aggregated area under the nodal inverse demand curves) minus the total generation cost. Mathematically, it solves the following problem parametric on the firms' production decisions ({q i } i∈N ):
Here, P c i (·) and C i (·) are the demand bid (or demand function) and the generation cost function at node i, respectively.
If we let p c , λ c l− and λ c l+ be the Lagrangian multipliers corresponding to the above constraints, the first order necessary conditions (the Karush-Kuhn-Tucker, KKT conditions) for the ISO's problem are a mixed linear complementarity problem (mixed LCP, see (Cottle, Pang and Stone 1992) [6] ):
where the operator ⊥ stands for the complementarity condition. The first KKT condition in (1) implies that nodal prices are of the form
where
Thus, the nodal demand function becomes
and consequently, the aggregated system demand function is
We can interpret p c as the energy price at the reference bus and {ϕ c i } i∈N as node specific premiums determining relative nodal prices.
The firms' decision making
In the spot market, each firm g ∈ G determines the outputs from its units. In our two-settlement model, we allow different granularity in the forward and spot markets. This is achieved by dividing the network into a set Z of zones, each composed of a cluster of nodes. In particular, the spot market supply and demand at each node are settled at the so-called nodal prices, whereas the forward contracts are traded at the so-called zonal forward prices {h z } z∈Z (see section 3.2), and settled at spot zonal settlement prices {u c z } z∈Z which are defined as weighted averages of the nodal prices in the zones, i.e.,
where z(i) and δ i denote the zonal index and corresponding weight of node i ∈ N , respectively. In this paper, {δ i } i∈N are taken as historical load shares and not affected by market participants' decisions. In mathematical terms, each firm g ∈ G solves the following profit-maximization problem that is parameterized by the forward prices {h z } z∈Z , the locational price premiums {ϕ c i } i∈N and its own forward contracts {x gz } z∈Z :
Assume that the firms don't anticipate the impact of their productions on the locational price premiums, one can find the KKT conditions for firm g's program by letting ρ c i− , ρ c i+ and β c g be the corresponding Lagrangian multipliers:
Here, the first two conditions are the derivatives of the Lagrangian function with respect to q c i and p c , respectively.
Aggregating the KKT conditions for the firms' and the ISO's programs leads to the equilibrium conditions of the spot market as a mixed nonlinear complementarity problem. We assume that the demand side submits demand bids with fixed slope in different states, i.e., the demand bids are
In addition, we let the cost functions be
then the spot-market equilibrium conditions become a mixed LCP
The forward market
In the forward market, the network feasibility constraints are ignored, and the forward contracts are traded at the forward prices (which in equilibrium will reflect expected network constraints in the spot market). We assume that the expected demand of the spot market appears in the forward market so that, for each node i ∈ N , its forward demand has the same slope as its spot demand function and the total area under the forward demand bid is equal to the expected area under the spot demand bid. This suggests that the nodal forward demand function is
where Pr(c) denotes the probability of state c in the spot market. This implies that the forward demand functions in the zones are
and the forward market is cleared by the total forward contract at the forward prices:
The rational firms simultaneously determine their forward contract quantities {x gz } g∈G,z∈Z so as to maximize their expected utility, which is the expect profit if the firms are risk neutral, while anticipating the spot market outcome (3). Mathematically, each firm g ∈ G solves the following mathematical program with equilibrium constraints (MPEC, see (Luo, Pang and Ralph 1996) [10] ):
Hence, the overall problem in the markets is a so-called equilibrium problem with equilibrium constraints (EPEC). A solution to this problem is a set of the variables, including the firms' forward and spot quantities, the ISO's redispatch decisions and the corresponding Lagrangian multiplies, at which all firms' MPEC problems are simultaneously solved, and no market participant wants to unilaterally alter its decisions in either market.
Agent-Based model
One way to find the preceding equilibrium problem is to apply the solution approach described in (Yao, Adler and Oren 2005) [12] for solving the MPEC problems (6) . In this paper, we follow an agent-based model that simulates the market dynamics. In this framework, the market participants are modeled as autonomously acting software agents, who maximize their profits which they earn on electricity markets. Supply agents "learn" the profit maximizing quantity in both the spot and the forward market on the basis of a reinforcement learning algorithm.
The agent-based model is founded on a simple role framework. The dynamics of the spot and forward market evolves through the agents' determination of both the forward and the spot commitments, based on a best-of-practice approach. In every simulation step, results from last round's actions -if favorable -reinforce the tendency to choose this action again and weaken it in the opposite case. The simulation system is implemented under application of the Recursive Porous Agent Simulation Toolkit (RePast). RePast is a toolkit for modeling agent-based simulations. Many concepts available in RePast are based on Swarm, which has been developed at the Santa Fe Institute since 1994. RePast allows to model large simulation systems based on software agents with individual characteristics. It incorporates an event scheduler, simulation control, data logging and visualization. In our model, we use RePast in order to include the role model introduced in the following section into an agent-based simulator.
Roles and Model Description
As shown in Fig. 1 , the model comprises four different agent roles. Participants who request electricity are modeled as demand agents {D i } i∈N . The generation firms are conceived as supply agents {S i } i∈G . Supply agents own the power plants {G i } i∈N . Power transmission lines are handled by a transmission lines provider agent (TLP). Finally, the allocation between supply and demand is carried out by an independent system operator (ISO). The ISO is the central unit of the simulation system. It maintains a registry of all supplier and demand agents that is used to request bids from demand and supply agents in every round.
Both the forward and the spot market are carried out by the ISO. In the forward market, the forward price (5) is applied. In the spot market, the allocation between demand and supply is determined by solving the LCP problem (1). The outcomes of both markets are communicated back to the agents. 
Reinforcement learning
In this simulation model, only supply agents are modeled as adaptive agents. They implement a learning algorithm which is based on a modified version of the Erev-Roth reinforcement learning approach (Erev and Roth 1998) [8] and (Nicolaisen, Petrov and Tesfatsion 2001) [11] .
The functionality of the Erev-Roth reinforcement learning algorithm is the following: For each situation in which learning is applied, an agent can chose from a set of possible actions M. In the given simulation scenario a supply agent chooses a bid quantity as a fraction of its available capacity. The continuous interval If agent n chooses his k th action at time t and receives a reinforcement of R(x), it updates its individual propensities to choose action j = 1, · · · , M according to the following inductive learning function:
Here, s nj is the propensity to choose a specific action in the next round, φ is the "recency" parameter and ε the "experimentation" parameter. The recency parameter reflects the agents' tendency to forget past experience over time, and the experimentation parameter has the effect that agents do not lock into one choice at a too early stage. Agents choose their action according to the following probability for action k:
The consequence of this formulation is that actions which have resulted in a high payoff are chosen again with a higher probability in the future. On the other hand, actions that lead to a lower payoff are chosen for another time with a lower probability. Agents are, thus, modeled as solving a myopic incentive-answer game. The results of all previous rounds are taken as a decision basis for the action to choose for the next round.
Simulation Interactions
In our simulations the interactions between the agents are carried out in the following manner: In the forward market, the independent system operator sends a call for forward bids/offers to all demand and supply agents listed in his registry (this phase could represent a day-ahead market, for instance or a centralized forward market like Nordpool). Consequently, demand and supply agents compute and deliver their forward market bids/offers, represented by equation (4) and quantities {x gz } g∈G,z∈Z , respectively, to the ISO. The ISO then calculates the forward market allocation using a uniform price mechanism and communicates the resulting forward prices (5) to the demand and supply agents. In the spot market, demand and supply agents compute their spot market quantity bids/offers and communicate these to the ISO. Based on the submitted bids/offers, the ISO calculates the spot market allocation from the mixed LCP (1) and communicates the resulting spot prices (2) for the spot market to the demand and supply agents. Finally, demand and supply agents compute their profit and update their learned propensities based on both allocations. Subsequently, the next simulation step begins.
Agents learn spot bids/offers and forward bids/offers separately. They update their action propensities for spot market bids/offers on the basis of their achieved spot market profits. Learning is effected for each power plant and for each possible spot market state individually. The propensities for forward bid quantities are updated on the basis of the generator's total profit; quantities are chosen globally, i.e. learning is not differentiated for different plants. Since one of the main objectives of this paper is to validate the agent based approach against results obtained using computational equilibrium methods, we performed our simulation on a benchmark stylized version of the Belgian electricity system used in (Yao, Oren and Adler 2005b) [14] and (Yao, Adler and Oren 2005) [12] . In this test case, the electrical network represents a realistic description of the Belgian system but the ownership structure, the nodal demand function the definition of zones and contingencies are hypothetical. The network has 92 380kV and 220kv transmission lines, including certain lines in neighboring countries for their effect on loop flows. There are in total 53 buses (see Fig. 2 ), 19 of which are attached with generation plants. Insignificant lower voltage lines and small generation plants are excluded from this simulation. Tab. 1 lists the information of generation plants, including the capacities and marginal costs (assumed constant). In addition, we assume that there are two zones in the network with node 1 to 32 in the first zone and the remaining nodes in the second zone. Information on the slopes of the demand bids and the historical load shares can be found in Tab. 2. As to flow limits, we ignore the intra-zonal flows and focus only on the flowgates of lines 22-49, 29-45, 30-43 and 31-52 that connect the two zones.
We assume five contingency states in the spot market representing five possible realizations of demand, and system contingencies. In the first state, the demand levels are at the shoulder, all generation plants operate at their full capacities and all transmission lines are rated at their full thermal limits. The second state is the same as the first state except that it has on-peak demand. Off-peak state 3 differs from state 1 by the very low demand levels. State 4 and 5 capture the unavailability of two plants at node 10 and 41, respectively. The assumed probabilities of these states are given in Tab. 3. For these states, the price intercepts for the nodal inverse demand functions are assumed uniform across the nodes and equal to 500, 1000, 250, 500 and 500, respectively. 
Simulation results
We run the simulation with two firms. The first firm owns the plants at the node set {7, 9, 11, 31, 32, 33, 35, 37, 41, 47, 53}, and the second firm at {10, 14, 22, 24, 40, 42, 44, 48}. As stated early, only supply agents learn in our simulation scenario; demand agents submit bids with constant slopes. In the spot market, demand agents submit a price intercept of either 250, 500, or 1000, depending on the states of the spot market, where as in the forward market, they submit demand functions at the price intercept of 602.08. 100 simulation runs have been carried out for this stylized Belgian network. The parameter values have been chosen as φ = 0.1 and ε = 0.2 and are thus equal to the values obtained by Erev and Roth (1998) . They find that this combination fits best to their experimental results with human learning subjects. In our setup one simulation run comprises 1000 simulation steps. The first 900 steps are considered as the learning phase and the average values for prices and volumes of the last 100 simulation steps are evaluated. The evolution of a typical simulation run is shown in Figure 3 . In the diagram Spot Market Price, the development of the spot market price over the time of 1000 simulation steps (days) can be seen. Diagram Spot Market Volume shows the corresponding spot market volume that is offered by the supply agents. In Forward Market Price, the development of the forward market price over the time of 1000 steps (days) is shown. The diagram Forward Market Volume shows the resulting volume in the forward market. The light gray diamonds represent the data in zone 1 whereas the dark dots refer to data in zone 2.
Tab. 4 ∼ Tab. 6 summarize the producers' forward contracts, and the resulting forward and spot zonal prices, respectively. In both tables, we include the average, minimum, maximum and standard deviation obtained from the simulation. It is shown that both suppliers contract significant forward quantities. In addition, we observe that the forward prices are higher than the spot zonal prices; this is because, when facing the settlements for forward commitments, the suppliers attempt to raise forward prices and lower spot prices for cash inflows generated by forward contracts. This result is interesting since it deviates from the "no arbitrage constraint" imposed in the computational equilibrium approach [12] , equating forward prices to expected spot zonal prices. For comparison, we also simulate the outcomes of a single settlement where there is no forward market, (or equivalently, all firms in the two-settlement market can only submit zero forward contracts in the forward market). Fig. 4 illustrates a sample run of the simulation for a single settlement. The diagram Spot Market Price here represents the resulting spot market prices in case of a single settlement scenario. Diagram Spot Market Volume represents the volume allocated in these contracts. Here, also, the light diamonds represent the data in zone 1 whereas the dark dots show the data in zone 2.
We report in Tab. 7 the spot zonal prices in the single-settlement market. Comparing the prices under a single settlement to those under two settlements, we find that two settlements lead to lower spot market energy prices, and thus greater social welfare. Such difference is due to the increased spot market generation that results from the strategic effect of forward contracts. In other words, a forward market induces the suppliers to behave more competitively in the spot market. Tab. 8 compares the generation quantities under a single settlement to those under two settlements. As one would expect, the total generation in the markets is also higher with two settlements. Such results are qualitatively consistent with the conclusions in (Allaz 1992) [6] , (Kamat and Oren 2004) [9] and (Yao, Adler and Oren 2005) [12] . Moreover, when comparing Tab. 6 to Tab. 7, we find that the reduction of spot zonal prices in peak states is greater than that in off-peaks; this suggests that a forward market also yields less spot price volatility. 
Conclusions
This paper studies the dynamics of a two-settlement electricity market that consists of a forward market and a spot market. Settlements for forward contracts and spot supplies are based on the zonal and nodal prices, respectively. In the forward market, suppliers submit strategic bids for forward contracts that are paid at the forward market clearing prices in the respective zones (or hubs). In the spot market, electricity generation is paid at the individual nodal prices and the forward contracts are settled at the spot zonal settlement prices.
We use an approach based on software agents to simulate the dynamics of such markets. Both the supply and demand sides are modeled as individual agents. On the supply side, every participating company is represented by one agent supporting zonal offers in the forward market and nodal offers for its generating units. The supply side agents are equipped with reinforcement learning algorithms which allow them to dynamically adapt their bidding strategies based on their success in the market. On the demand side, demand agents support inverse demand functions into the market as demand-side bids. The independent system operator (ISO) runs both the spot and the forward market, and carries out an allocation between the supply and the demand bids subject to transport network feasibility constraints.
Our simulations demonstrate that the introduction of a forward market creates incentives for suppliers to engage in forward contracts, which influence the supply agents' bidding strategies in the spot market. Moreover, such incentives result in lower energy prices and smaller price volatility as compared to a system without the forward market.
Extension of the research will include the sensitivity analysis of supplies' forward commitments and spot behaviors on market concentration. We also plan to include risk aversion in suppliers' utility functions. The impact of regulatory price/bid caps in the spot market is also a subject of future work.
